Intense, few-cycle pulses in the terahertz frequency range have strong potential for schemes of control over vibrational modes in solid-state materials in the electronic ground-state. Here we report an experiment using single cycle terahertz pulses to directly excite lattice vibrations in the ferroelectric material Sn2P2S6 and ultrafast x-ray diffraction to quantify the resulting structural dynamics. A model of a damped harmonic oscillator driven by the transient electric field of the terahertz pulses describes well the movement of the Sn 2+ ion along the ferroelectric soft mode. Finally, we describe an anharmonic extension of this model which predicts coherent switching of domains at peak THz-frequency fields of 790 kV/cm.
Intense, few-cycle pulses in the terahertz frequency range have strong potential for schemes of control over vibrational modes in solid-state materials in the electronic ground-state. Here we report an experiment using single cycle terahertz pulses to directly excite lattice vibrations in the ferroelectric material Sn2P2S6 and ultrafast x-ray diffraction to quantify the resulting structural dynamics. A model of a damped harmonic oscillator driven by the transient electric field of the terahertz pulses describes well the movement of the Sn 2+ ion along the ferroelectric soft mode. Finally, we describe an anharmonic extension of this model which predicts coherent switching of domains at peak THz-frequency fields of 790 kV/cm.
The ultimate speed of ferroelectric polarization switching is of great interest for potential data storage devices using ferroelectric materials. In these materials, the reversal of the polarization by application of an electric field is normally described as a nucleation process followed by motion of domain walls on the order of several m/s. For typical device dimensions this implies a switching process on a nanosecond timescale [1, 2] . A potentially faster approach that could lead to switching on picosecond time scales is to use short electromagnetic pulses to drive vibrational modes coupled to the polarization [3] . In this case the mechanism inducing polarization reversal is very different: the excitation of a large amplitude terahertz (THz) lattice vibration induces a spatially uniform coherent structural motion comparable to the atomic motion in the ferroelectric transition which drives the structure to the opposite polarization state. The excitation of such coherent phonons with eigenfrequencies in the terahertz frequency region can be achieved indirectly using ultrashort optical light pulses through displacive excitation or impulsive stimulated raman scattering (ISRS) [4, 5] . The very high intensities of optical radiation required to drive large-scale vibrations in either of these two cases, however, lead to material damage which limits the potential of these mechanisms for control applications. An alternate solution is to use low-frequency electromagnetic radiation to drive infrared active modes directly with the oscillations of the electric field. Recent models of dynamics in simple ferroelectric materials have indicated that this is possible with intense, coherent pulses of radiation with frequencies ranging from 0.5-30 THz and peak fields up to several MV/cm [6] . Only recently has it become possible to generate such pulses under specialized conditions in the laboratory [7] [8] [9] .
In order to test these models against experiment, a quantitative, time-resolved measurement of the structure of the unit cell during and after interaction with a broadband THz pulse would be extremely useful. Because of the frequencies involved, a time resolution of less than one picosecond is needed. Conventionally, ultrafast optical methods are often used to extract information about transient properties of materials and quantitative structural infomation can be inferred [10] , but these results are themselves highly model dependent. Time-resolved x-ray diffraction offers a more direct measure of quantitative structural motions. Time resolved x-ray diffraction studies of ultrafast structural dynamics driven by ultrashort pulses extending from the visible [11] to the midinfrared [12] range of the optical spectrum have already been demonstrated on several different systems. Specifically, Cavalleri et al. have reported on coherent phononpolariton structural dynamics in LiTaO 3 driven with ISRS [13] . The difficulty of generating large-amplitude THz pulses under conditions amenable for a time resolved x-ray diffraction experiment has so far made it challenging to drive a measurable coherent structural motion with externally generated THz pulses.
In this paper we demonstrate a direct measurement of atomic displacements driven by a single cycle THz pulse. A Sn 2 P 2 S 6 bulk ferroelectric crystal was irradiated with broadband THz pulses with frequency range spanning the ferroelectric soft mode resonance; structural changes were monitored using ultrafast x-ray diffraction. We model the diffraction signal and quantify the displacement of the Sn 2+ ion with respect to its displacement from the paraelectric towards the ferroelectric phase.
At temperatures below T c ≈ 337 K, the compound Sn 2 P 2 S 6 is ferroelectric with space group Pn and cell arXiv:1602.05435v1 [cond-mat.mtrl-sci] 17 Feb 2016 parameters a = 9.378Å, b = 7.488Å, c = 6.513Å, β = 91.15
• [14] . The ferroelectricity manifests as a strong spontaneous polarization in [100] direction that correlates mainly to a shift of the Sn 2+ ions from centrosymmetric positions along the [100] direction with respect to the [P 2 S 6 ] 4− anion complexes ( Figure 1 ) [15] . When heated above T c the compound undergoes a displacive phase transition and becomes paraelectric with space group P21/n. Experimental data relate the transition to the softening of a terahertz frequency lattice vibration of symmetry A responsible of driving the Sn 2+ ions mainly along the [100] axis [16] [17] [18] .
FIG. 1. a)
Overlap of Sn2P2S6 crystal structures in the low (dark) and high (bright) temperature phase. Arrows indicate the direction of the Sn 2+ displacements to their high temperature positions. b) Experimental scheme. 800 nm pulses are used prior to the measurements to overlap THz and x-ray pulses in time and space on the sample (as described in the text).
Pump probe time resolved x-ray diffraction measurements were carried out at the hard x-ray FEMTO slicing source at the Swiss Light Source (SLS) [19] . Femtosecond laser pulses are produced in a conventional Kerr-lens mode-locked oscillator phase-locked to a submultiple of the synchrotron RF-master oscillator and split into pump and probe branches. The pump pulses enter a stretcher and a regenerative Ti:sapphire amplifier (800 nm, 1 kHz, 2.4 mJ) for chirped pulse amplification. A vacuum transfer line transports the uncompressed optical pulses to the experimental hutch. Inside the experimental hutch, the high power pulses enter a pulse compressor with the majority of the light directed into an optical parametric amplifier (OPA) to generate ∼100 fs pulses at a wavelength of 1310 nm. A small amount of 800 nm laser light is picked off before the OPA to facilitate temporal and spatial overlap as described below. Intense THz pulses are generated by optical rectification of the infrared pulses in an 2-3-(4-hydroxystyryl)-5,5-dimethylcyclohex-2-enylidenemalononitrile (OH1) organic crystal [20] [21] [22] [23] . Two off-axis parabolic (OAP) mirrors are used to direct and focus the THz pulses onto the sample. The first OAP is used to collect and collimate the emitted terahertz pulses. The second OAP is placed close to the sample and focuses the beam to a small spot size to achieve a large electric field. The smallest spot size measured at the sample position with a THz camera was 390 µm×410 µm full width half maximum (FWHM). For time dependent measurements, the THz pulses were delayed in time with respect to the x-ray pulses by increasing the path length of the uncompressed pulses using a delay stage.
The generated x-ray probe pulses (2 kHz, 7 keV, ∼140 fs FWHM) [19] were incident at a 10
• grazing angle with respect to the sample surface and at 90
• angle with respect to the THz pulses ( Figure 1) . A Kirkpatrick-Baez (KB) mirror focused the beam vertically to a size of 10 µm resulting in a 250 µm × 60 µm spot size on the sample. The spot size was much smaller than the THz spot size to ensure a homogeneous lateral excitation profile over the probe pulse. The intensity of the diffracted x-ray pulses from the sample was recorded by a gated avalanche photodiode (APD). The experimental time resolution depended predominantly on the duration of the x-ray pulses and on the geometry of the experiment and was estimated to be ∼240 fs FWHM.
Given the non-collinear geometry of the experiment, a 2-step procedure was followed to ensure the spatial and temporal overlap of the x-ray and THz pulses on the sample. First, the transient reflectivity of a bismuth (111) or a tellurium (100) Bragg reflection was measured at varying delay times between high fluence 800 nm pump pulses and the x-ray pulses. The transient grazing incidence xray diffraction measurements were used to overlap the laser pulses and the x-ray pulses in space and time on the bismuth sample [24] . In a second step we replaced this crystal by a gallium phosphide (GaP) crystal. We used the electro-optic (EO) effect induced by the THz pulses in the crystal to overlap the THz pulses spatially and temporally with the 800 nm pulses.
The sample used in the experiment was a single crystal of Sn 2 P 2 S 6 cut to the (010) surface. The temperature of the crystal was controlled in the range of 200 K to 300 K by a nitrogen cryojet mounted close to the crystal surface. The maximum terahertz electric field measured at the sample position was 120 kV/cm. The terahertz polarization was set parallel to the [100] axis of the Sn 2 P 2 S 6 crystal. We measured the diffracted intensity I(t) of the (332) Bragg reflection at room temperature (300 K) and at various time delays t between the THz pump and x-ray probe pulses. Figure 2(a) shows the transient diffraction intensity ∆I(t)/I 0 = (I(t) − I 0 )/I 0 at different time delays t, normalized to the equilibrium diffraction intensity I 0 and averaged over many pulses. An EO measurement of the driving THz pulse arriving at time t 0 was taken prior to each diffraction measurement and is shown as well. In Figure 2 (b) the electric field of the driving THz pulse has been reversed by rotating the OH1 crystal by 180 degrees, resulting in a sign change of the transient diffraction intensity. To model the data, we need to consider the interaction of the electric field of the THz pulses with the vibrational modes that can potentially contribute to the diffraction signal. The absorption of the THz pulses inside the material creates an inhomogeneous excitation profile along a direction perpendicular to the surface. Consequently, the measured diffraction signal contains contributions from regions with varying excitation levels. To treat this effect, we conceptually divide the sample into thin slices parallel to the surface and consider the interaction of the electric field with the vibrational modes in each slice.
Raman and neutron scattering together with submillimeter spectroscopy studies of Sn 2 P 2 S 6 indicate that the soft mode eigenvector and frequency change strongly with temperature, especially near the phase transition [16] [17] [18] 25] . Here we approximate the effective soft mode by a single Lorentz oscillator with an eigenvector given by the displacement of the atoms in the unit cell relative to their positions in the higher symmetry paraelectric phase. This mostly corresponds to a displacement of Sn 2+ ions along [100] .
The induced atomic displacement Q(z, t) along the soft mode eigenvector is then described by the equation of motionQ
The left side of the equation describes the lattice motion in a harmonic potential with a characteristic angular frequency ω 0 and damping rate Γ. The right side of the equation describes the driving force which is equal to the applied electric field E(z, t) in the slice multiplied by a scaling factor β. To estimate E(z, t) from the incident field E i (t), we need to take into account the transmission coefficient and the absorption of the sample. Given the complex, frequency-dependent index of refractionñ(ω) [26] and the incidence angle θ of the THz pulses with respect to the surface normal, we obtain in the frequency domain E(z, ω) = t (ω) e −α T (ω)z E i (ω), where α T = 2ωk(ω)/c and
An inverse transform of E(z, ω) to the time domain yields E(z, t).
The transient x-ray scattering factor F (z, t) of a thin slice can then be determined from Eq. 1. To the first order it can be written as F (z, t) = F (t 0 )+ ∂F ∂Q Q(t)e −α T z . To finally calculate the normalized diffraction intensity, we integrate the structure factor over all slices to obtain the total scattering factor. The normalized diffraction intensity then becomes ∆I(t)/I 0 ∝ ∞ 0
where α X is the absorption coefficient of the x-ray field. A least squares routine is used to fit the model to the experimental data by only adjusting the frequency, the damping rate and the coupling factor of the mode. A constant relative time shift is also needed in order to successfully fit the measured data. This time shift accounts for the uncertainty in the sample placement and was found to be less than 1 ps for all measurements. The results of the model fit to the experimental data are shown in Figure 2 as a solid line for both measurements. We extract values of f = 0.72 ± 0.06 THz for the frequency , Γ = 0.3 ± 0.1 ps −1 for the damping rate and β = (1.8±0.5)×10 −6 C/ √ kg for the coupling factor. The mode frequency and the damping rate compare well to parameters of the ferroelectric soft mode reported at 300 K [16, 27] . The coupling factor β = |e| η,i Z * η,xi η,i [28] can be estimated with the Born effective charge (BEC) Z * [29] and the mode eigenvector and yields a value of 2.42 × 10 −6 C/ √ kg, which is somewhat higher than the value obtained with the fit. We attribute this discrepancy mainly to an overestimation of the local fields, which we have assumed to be equivalent to the applied field. Taking these effects into account would require a calculation of the local dipole contribution to the electric field at each basis ion. [16] and [30] To measure the temperature dependence of the excited mode, additional data were taken at 290 K, 280 K, 250 K and 200 K. Figure 3 shows the temperature dependence of the fitting parameters. We observe an increase of the frequency at lower temperatures and a decrease of the damping rate. A similar behavior was observed in Raman and neutron diffraction measurements [16, 18, 27] . The coupling factor β also decreases with temperature, mostly when cooling from 300 K to 290 K.
The maximum measured displacement of the two nonequivalent Sn 2+ ions are 2.3 pm and 1.5 pm. This corresponds to a 7.5% displacement compared to the Sn 2+ ion displacement from the low to the high temperature phase. Using BECs and the atomic displacements, we calculate a 8.0% polarization change compared to the spontaneous polarization magnitude of 13 µC/cm 2 along the x direction [31] which is consistent with the obtained Sn 2+ ion displacement. The small displacement agrees well with the approximation of the ferroelectric ground state by a harmonic potential. For a displacement of the atoms further away from the ferroelectric ground state, the increasing anharmonicity of the potential would require higher order terms to describe the potential energy surface [10] . To estimate the field strength needed to switch the ferroelectric ground state, we expand our model by a quartic term to describe the energy potential along the soft mode coordinate as a double well potential and calculate the polarization at higher incident THz field amplitudes. Instead of equation (1), the equation of motion now reads Q(z, t)+2ΓQ(z, t)−aQ(z, t)+bQ(z, t) 3 = βE(z, t) where a and b are given by the oscillation frequency and the distance between both ferroelectric states. The result is shown in Figure 4 . At field strengths below 780 kV/cm (a-c) the ferroelectric polarization always relaxes to the same polarization state. At the threshold value of ∼ 790 kV/cm (d) the structure overcomes the potential wall and relaxes into the ground state of the opposite ferro- Figure 2 (a). The solid line is a fit to the data using an anharmonic model describing the ferroelectric potential (see text). The driving THz pulse (dashed line) and the calculated spontaneous ferroelectric state (dotted line) are also shown. b-e) Simulated polarization for increasing THz field strengths using potential parameters obtained in a). electric polarization. At higher field strength (e), the system relaxes faster to the opposite polarization state. We emphasize, however, that these results are based on a simple model that does not take into account the temperature dependence of the mode polarization and coupling to higher frequency modes.
In conclusion, we have shown that the structural dynamics induced by single cycle THz pulses in a ferroelectric can clearly be resolved. Using ultrafast x-ray diffraction we directly observed a coherent motion of the atoms in response to the applied THz field. The temperature dependence of the frequency and the damping rate of the harmonic oscillation is a strong indication that the coherent motion corresponds to the ferroelectric soft mode of the material driven by the electric field of the THz pulses. The approximation of the soft mode by a single Lorentz oscillator and the polarization state by a damped harmonic potential is sufficient to describe the excitation process of the soft mode and to reproduce the transient diffraction changes. Our results suggest that increasing the amplitude of the terahertz electric field to approximately 1 MV/cm could lead to picosecond switching of the ferroelectric polarization.
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